Electrostatic contribution to the thermodynamic and kinetic stability of the homotrimeric coiled coil Lpp-56: A computational study 2006;45:8931-8939). The unfolding rate constant measured using GdmCl as the denaturing agent, though extremely low, was substantially higher than that obtained on the basis of thermal unfolding. If this large difference arises from the effect of screening of electrostatic interactions induced by GdmCl, electrostatic interactions would appear to be an important factor determining the unusual properties of Lpp-56. We present here a computational analysis of the electrostatic properties of Lpp-56 combining molecular dynamics simulations and continuum pK calculations. The pH-dependence of the unfolding free energy is predicted in good agreement with the experimental data: the change in DeltaG between pH 3 and pH 7 is approximately 60 kJ mol(-1). The results suggest that the difference in the stability of the protein observed using different experimental methods is mainly because of the effect of the reduction of electrostatic interactions when the salt (GdmCl) concentration increases. We also find that the occupancy of the interhelical salt bridges is unusually high. We hypothesize that electrostatic interactions, and the interhelical salt bridges in particular, are an important factor determining the low unfolding rate of Lpp-56. is an attractive object of biophysical investigation in several aspects. It is a homotrimeric, parallel coiled coil, a class of coiled coils whose stability and folding have been studied only occasionally. Lpp-56 possesses unique structural properties and exhibits extremely low rates of folding and unfolding. It is natural to ask how the specificity of the structure determines the extraordinary physical chemical properties of interactions would appear to be an important factor determining the unusual properties of Lpp-56. We present here a computational analysis of the electrostatic properties of Lpp-56 combining molecular dynamics simulations and continuum pK calculations. The results suggest that the difference in the stability of the protein observed using different experimental methods is mainly due to effect of the reduction of electrostatic interactions when the salt (GdmCl) concentration increases. We also find that the occupancy of the interhelical salt bridges is unusually high. We hypothesize that electrostatic interactions, and the interhelical salt bridges in particular, are an important factor determining the low unfolding rate of Lpp-56.
INTRODUCTION
The coiled coil is a ubiquitously encountered structural motif in proteins. 1 Amino acid stretches bearing direct repetition of the abcdef heptad pattern form two-, three-or higher-order superhelices. The strandedness (degree of oligomerisation), the orientation (parallel versus antiparallel), and the registry (in-register versus out-of-register) are dictated by the nature of mostly aliphatic side chains occupying positions a and d, in an intimate interplay with the nature of mostly charged side chains occupying positions e and g. Given the apparent simplicity of the motif, coiled coils have attracted attention as a model for investigating the sequence-structure-energy relationships in protein folding.
However, the main body of knowledge about coiled coil folding stems from investigations of short, dimeric, three-to five-heptad long species. Higher-order coiled coils are less well characterized.
The 56 amino acid long protein moiety of the E. coli outer membrane protein (henceforth referred as Lpp-56) is a parallel, in-register, trimeric coiled coil. 2 The physiological importance of this protein in maintaining the structural integrity of the E.
coli cell wall has been reviewed. 3 Recently, we have determined the equilibrium stability, and the rates of unfolding and refolding of Lpp-56 at pH 7 . 4 In this study we used GdmCl to shift the equilibrium between folded trimer and unfolded monomer, and to modulate the refolding and unfolding rates. The unfolding free energy, ∆G
Gdm
, obtained by extrapolation to zero denaturant according to the linear extrapolation method is 79±10 kJ mol −1 . A substantially larger value, ∆G therm = 137 kJ mol −1 , has been determined from calorimetric experiments. 5 Interestingly, ∆G therm at pH 3, where salt bridges are believed to be disrupted by protonation of acidic side chains, is on the order of 70 kJ mol −1 . 5 Since GdmCl is a salt it is intuitive to assume that the discrepancy can be attributed to screening of electrostatic interactions when the unfolding free energy is evaluated by linear extrapolation of data collected at high salt (GdmCl) conditions, leading to a severe underestimation of ∆G One striking property of Lpp-56 is its extremely low unfolding rate. Our own estimate 4 of the unfolding rate constant is on the order of 10 −10 to 10 −13 s −1 . The data of Dragan et al. 5 predict an even lower unfolding rate constant, on the order of 10 −21 s −1 .
Both estimates demonstrate an extremely high kinetic stability of Lpp-56, yet the difference appears too large to be explained by the charge screening effect of GdmCl used in our experiments. Nevertheless, based on the steep dependence of the activation unfolding energy on GdmCl concentration at pH 7 and the much faster unfolding at pH 3, we speculated that there is a large electrostatic contribution to the free energy barrier for unfolding.
Indeed, each Lpp-56 polypeptide contains 8 acidic side chains (exclusively aspartic acid) and 8 basic side chains (4 lysines and 4 arginines). In addition, the Cterminal carboxylates and the three tyrosines (one per chain) are potentially capable to participate in salt bridge formation. As in other coiled coils, reflecting the repetitive heptad organisation of the molecule, the interhelical salt bridges form a system of rings girdling the three-helix bundle of Lpp-56 along its length (Fig. 1 ).
These peculiarities of Lpp-56, together with the large number of potential salt bridges seen in the crystal structure 2 
where
are the average number of protons bound to the protein molecule in the unfolded (U) and in the folded (F) state, respectively, θ ι is the degree of protonation of titratable site i, and N is the total number of titratable sites. Obviously, θ ι U (pH 0 ) = θ ι 
The energy E(x,pH) is the electrostatic energy corresponding to a single protonation state, x, of the protein molecule:
A single protonation state is determined by the sequence x = (x 1 , x 2 ,…, x i , x j ,…, x N ), the elements of which describe the microscopic protonation states of the individual titratable sites. In this work we assume that the individual titratable sites have only two microscopic states: x i = 0 (protonated) and x i = 1 (deprotonated). The electrostatic energy of interaction between sites i and j in protonation state x i and x j , respectively, is given by j i jx ix W , , whereas pK i , int is the intrinsic pK value of site i defined as
The first term in the right hand side of the above equation, pK i,mod , is the equilibrium constant of a model compound, for instance acetyl-X-amide, where X stands for the Methods for calculation of electrostatic interactions that take into account the conformational flexibility are intensively developing. 6, [10] [11] [12] [13] [14] Recently we have developed an approach for pK calculations that accounts for an elementary conformational flexibility limited to tautomers and rotamers of polar groups. 15, 16 In spite of its limitations this approach has some advantages: it does not need extension of the basic assumptions of continuum electrostatic theory for pK calculations and does not increase the complexity of the computations. Alexov and Gunner advanced a relatively more general method, in which different conformations of the side chains are taken into account. The variety of conformers can be assembled from different X-ray structure 14 or generated by a Monte Carlo sampling procedure.
17
Alternative approaches to account for the conformational flexibility of proteins include the use of sets of NMR conformers 18 or ensembles of structures generated by MD simulations. 6, 19, 20 The combination of MD and pK calculations results in an overall improvement of the theoretically predicted pK values. However, discrepancies between experimental and calculated pK values remain most often for groups buried in the protein interior. A possible reason for this is that the conformational space sampling is limited, and predetermined by the choice protonation states of the titratable groups used in the simulation. As pointed out by Langella et al. 7 , the prediction of ionisation equilibria far from the pH value at which the experimental structure is determined should be taken with caution. Obviously, this is valid also when structures generated by MD simulation are used. Nevertheless, in our opinion, the combination of pK calculations and MD simulation is currently the most promising approach. In the investigation presented in this paper, the ionisation equilibria in folded state of have been calculated by a continuum electrostatic model combined with MD simulation as described in our previous work. 21 The titration curves of unfolded proteins, ν U (pH), are often calculated on the basis of the standard ionisation constants of the different types of titratable groups. In this null approximation electrostatic interactions are in fact ignored. This approximation is insufficient for prediction of quantities, such as the electrostatic term of unfolding energy. 22 Different models for accounting for electrostatic interactions in unfolding proteins have been proposed. [23] [24] [25] [26] All these models are designed to solve concrete tasks, matching one or another feature inherent to unfolded proteins, for instance the increased hydration of the charged groups. A more general model of denatured state has been proposed by Zhou. [27] [28] [29] [30] In this model the denatured protein molecule is treated as a
Gaussian chain immersed in a dielectric medium, whereas electrostatic interactions are calculated in the framework of the Debye-Hückel theory. Recently we have proposed an approach which is based on the continuum dielectric model and is ideologically very close to that of Zhou. [31] [32] [33] In our model the unfolded protein molecule is represented as a material with low dielectric constant, ε p between 20 and 40, immersed in the high permittivity medium of the solvent, ε s >ε p . The shape of the dielectric cavity can be considered as an average over all possible conformations of a flexible chain, which results in a sphere inside which most of the protein atoms reside. 31 At equilibrium the titratable groups are approximated as charge points allocated on the surface of the sphere. The variety of conformers which an unfolded protein can adopt is reflected by the different configurations of the charges on the surface of the dielectric cavity. As a first approximation, one can assume random distributions of the titratable sites.
However, due to the fixed position of the titratable groups along the polypeptide sequence, distances between the corresponding charges cannot be arbitrary. An algorithm for generation of quasi-random distributions taking into account the influence of the protein sequence is detailed described in ref. 31 . The model has been successfully applied for calculation of the pH-dependence of the unfolding free energy of several proteins. 34 This model has been employed in the presented study.
Molecular dynamics simulation.
The X-ray structures of Lpp-56 (PDB entry 1eq7) and GCN4 leucine zipper (PDB entry 2zta) were used as starting point for MD
simulations. The simulations were carried out with the OPLS all-atom force field, as implemented in the GROMACS simulation suite (version 3.3.1). 35 The structure was solvated with TIP4 water 36 at approximately 150 mM NaCl (plus additional ions to neutralize the total system). In the cubic periodic box the minimum distance between the protein and end of the box was more the 1.5 nm. After minimisation using Steepest Descent model with a tolerance of 1000 kJ mol -1 nm -1 , the system was simulated for 400 ps with harmonic position restrain on all Cα-atoms (force constant: 1000 kJ mol
and additional 100 ps with a force constant of 100 kJ mol -1 nm -2 ) in order to allow relaxation of the solvent molecules. LINCS 37 and SETTLE 38 algorithms were applied.
The integration step was 2 fs. Short-range electrostatics were calculated explicitly, and long range electrostatic interactions were calculated using the particle-mesh Ewald method. 39 Lennard-Jones interactions were cut at a distance of 1 nm, a long-range correction for the energy and the pressure was applied. The system were coupled to
Berendsen temperature bath separately for the protein and the solvent (τ t = 0.1 ps) and to a Berendsen pressure bath (τ p = 0.1 ps). 40 Trajectory visualisation and analysing was made in part using VMD.
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pK calculations. The computational approach used to calculate θ i F (pH), and respectively ν F (pH 0 ), has been described earlier. 21, 42 The values of pK mod are listed in (4) were calculated by solving the linearised PoissonBoltzmann equation using finite difference method. 43, 44 The partial charges of all protein atoms, as well as the atomic charges of the titratable groups in protonated and deprotonated states were taken from the CHARMM parameter set 22. 45 The van der Waals radii used to determine the low dielectric medium of the protein were taken from Rashin et al. 46 To determine the protein-solvent contact surface a probe sphere with a radius of 1.4 Å was used. The calculations were performed for ionic strength of 0.12 M or 1 M and ion exclusion layer of 2 Å. The protein molecule (each snapshot structure) was situated in a grid box (99×99×99) with grid spacing of 2.55 Å, which was gradually reduced using 4 consecutive focusing steps on each titratable group. The size of the focused boxes depends on the conformations of the titratable side chains in the different snapshots structure (see below). On average, the final grid length was 0.24 Å. Solvent and protein relative dielectric constants were taken ε s = 78 and ε p = 4, respectively.
The pK calculations for denatured state were performed according the procedure described in our earlier papers. 31, 34 A radius of 17.5 Å and dielectric constant of 25 34 were used for the low dielectric sphere representing the unfolded protein. 
RESULTS AND DISCUSSION
Starting from the X-ray structure we generated an ensemble of Lpp-56 conformers Ionisation equilibria. The calculated pK values of the titratable sites of Lpp-56 are listed in Table I . As already mentioned, we are not aware of any experimental data which could help assessing the reliability of this result. According to our experience with other proteins, for instance ribonuclease T 1 47 , we expect that the confidence interval of calculated pK values is about 0.5 pH units. Inspecting Table I shifts calculated with the X-ray structure (Table II) . The extreme up-shifted pK of basic groups and down-shifted pK of acidic groups reflect a strong favourable electrostatic influence of the environment. Such shifts are usually calculated or experimentally observed when the titratable groups participate in salt bridges. For a collection of MDgenerated structures, the magnitude of the pK shift will depend on the population of conformers bearing a particular salt bridge formed or disrupted. In the case of equitemporal sampling the lifetime of a salt bridge determines its population. Our earlier MD simulations of xylanase 21 have suggested that formation and disruption of salt bridges is an event that occurs between 300 and 500 ps. Also the salt bridges in the triplet Asp8-Arg110-Asp12 in barnase have a relatively short lifetime, making their contribution to the stability of the native structure marginal. 48 The effect of reduction of the pK shift due to temporary disruption of a salt bridge is illustrated in Fig. 2 on the example of the salt bridge formed between the C-terminal carboxyl group (chain C) and LysB54. (Hereafter, the polypeptide chain to which a particular residue belongs is indicated by a capital letter inserted between the side-chain name and the sequence number). In the time window in which no salt bridge is formed, the average pK of the C-terminal carboxyl group of chain C is practically equal to pK mod . A shift of the pK value of more than 6 pH units occurs if the salt bridge with LysB54 is formed.
Considering the first 2.5 ns of the simulation, the calculated average pK is approximately in the middle between the values corresponding to free and salt bridged C-terminal carboxyl group, reflecting the fact that the fractional populations of the free and salt-bridged C-terminal carboxylate are also approximately equal. For the rest of the simulation after 2.5 ns, however, the population of the salt bridge is virtually 100 % (that is, it does not break), and consequently, the average pK of the monitored Cterminal carboxyl group continuously reduces. The groups with extreme pK shifts, such as the aspartic acids at position 26 or the considered above C-terminal groups, participate in salt bridges which seldom disrupt during the MD simulation.
It turns out that the short lifetime of salt bridges suggested by our previous MD simulations is not a general rule that applies in the case of Lpp-56. Indeed, salt bridges with lifetime longer that 1 ns have been reported. 49, 50 In principle, long lifetimes might be an artefact of the force field, if the attractive electrostatic term of the energy function is overestimated, thus trapping oppositely charged atoms within short distances. To check this scenario we performed a 7 ns MD simulation of the dimeric coiled-coil GCN4 using identical simulation protocol. This computational experiment revealed a different behaviour of the titratable side chains involved in salt bridges: The lifetime of the salt bridges in GCN4 is essentially lower than that obtained for Lpp-56 (See Table   IV ). We conclude, therefore, that the long lifetime of some salt bridges and extreme pK shifts calculated for Lpp-56 groups arise from the specific structural organisation of the protein, rather than from a computational artefact.
The pK values calculated for the unfolded state of Lpp-56 are listed in (6) can also be expressed as:
Consider the reference state. It is chosen such that all titratable sites are protonated, i.e. We would like to add a note of caution in interpreting the numerical value of the charge-charge contribution to the stability of Lpp-56, presumed to represent the total difference of experimentally measured unfolding free energies (∆G therm −∆G
Gdm
). It has been argued that both, the native and unfolded states are not fixed in their properties, depending on the physical agent used to shift the equilibrium between these states. 57 The calculations presented in this work consider only the ionic strength effect. The influence of the electrolyte type, including protein-ion binding effects, is ignored. This is in fact ignoring of any denaturant-specific differences in the structure of the folded and the unfolded states. In spite of all these considerations, we conclude that indeed the difference between the unfolding free energies of Lpp-56 measured by the two different experimental approaches is to a large extent due to the screening effect of GdmCl.
Role of the salt bridges in unfolding kinetic of Lpp-56. Although folding of Lpp-56 is also slow, it appears that the high thermodynamic stability originates from an extremely low unfolding rate. Based on the strong dependence of the unfolding rate constant on the concentration of salt (GdmCl) we have speculated that there is a significant electrostatic component to the activation energy barrier for unfolding. Here we ask whether the known high kinetic stability of Lpp-56 can be related to this electrostatic component, in particular to the observation of presence of salt bridges which seldom or never disrupt during the MD simulation.
We have mentioned that the trimeric superhelix is clamped along its length by rings of interhelical salt bridges (Fig. 1) . Since the prevailing majority of them have long lifetimes it is worth having a closer look at their behaviour. In the course of the MD simulation we observe formation of 15 salt bridges. Among them 12 are interhelical links forming the charge rings illustrated in Fig. 1 . The organisation of rings and the lifetimes of the constituent salt bridges constituting them are specified in Table III . The criterion for existing of salt bridge used in the following considerations is at least one donor-acceptor distance between the bridged groups to be less than 3.1 Å. This distance corresponds to the upper limit for a stable hydrogen bond. Although electrostatic attraction between the interacting groups is significant even at distances larger than the chosen criterion such configurations lose the features of a hydrogen bond.
The group of salt bridges close to the N-terminus (top in Fig. 1 ) do not form a ring of interhelical rings. Of certain interest are the salt bridges forming ring 1. In the X-ray structure all these salt bridges are well defined, with proton donor-to-proton acceptor distances between 2.6 and 2.9 Å, corresponding to an ideal hydrogen bond. However, it turned out that the lifetime of these salt bridges is negligible during the MD simulation.
Almost opposite is the situation in Ring 2, where the salt bridges practically do not disrupt during the MD simulation, whereas in the X-ray structure only one of them satisfies the above criterion. The difference in the behaviour of these salt bridges is reflected by the large difference in the pK values of participating groups (see Table II for comparison).
Ring 3 is a cluster of salt bridges involving also intrahelical links. The pairs within the cluster exchange their partners as indicated in Table III . This feature is also illustrated in Fig. 5 for the case of LysC38. This residue adopts conformations at which it preferably interacts with AspB33 or with AspB40. The lifetime of the salt bridges this side chain forms is plotted in Fig. 6 . It is important for our further considerations to note that the cross-link between the helices B and C is intact in spite of the mobility of the lysine side chain. Similar behaviour is also observed for the intramolecular salt bridges with the participation of Arg43 (see Table III ). This observation leads us to the conclusion that the stabilisation role of this ring is achieved by both, favourable interhelical electrostatic interactions and reduction of entropic losses.
Ring 4 displays properties similar to those of Rings 2 and 5, yet it appears more "loose" judging from the average lifetime of the participating salt bridges (Table III) .
Ring 5 is also stabilised by a network involving the hydrogen bond between Cterminal carboxyl groups and the hydroxyl groups of Tyr55. In contrast to the network of Ring 3, here the configurations (LysX56)COO − −HOη(TyrY55)−NζH 3 + (LysX56)
remain stable with lifetime of at least 85% (see Table III ). As illustrated in Fig. 7 , the hydrogen bonds (Lys56)COO − ···HOη(Tyr55) are intrahelical and are expected to contribute to the stabilisation of the bundle in this region. Due to this, we consider them formally as a separate ring (Ring 6).
The overview of the rings of interhelical salt bridges suggests that they should play an important role in the stabilisation of the native three-dimensional structure of Lpp-56. Based on this, we hypothesise that the long life time of the prevailing majority of interhelical salt bridges contributes for structural stability of Lpp-56 as well as for its low unfolding rate.
Assume for simplicity that the protein unfolding is initiated by the disruption of the salt bridge rings. We consider a ring as broken if at least two interhelical salt bridges within this ring are simultaneously disrupted. This assumption reflects the properties of quasi-symmetric, non-covalent homotrimers, where dissociation of one monomer requires simultaneous disruption of two sets of quasi-symmetric interactions. 58 Two salt bridges being disrupted, one of the helices in the region of a given ring could more easily move away from the other two. The hydrophobic packing is weaken (leading to enthalpic destabilisation), the mobility of groups increases (making the molecule more sensitive to thermal fluctuations), the hydrophobic core becomes partially hydrated. found any correlation between the breaking and formation of the salt bridges within the rings, the above condition can be considered as fulfilled. The probability all rings to be disrupted simultaneously, i.e. the probability of a successful attempt for unfolding, is (Table IV) believed that end-fraying is a factor destabilising coiled coils, of special interest is the fact that the C-terminus of the molecule is tightly constrained through electrostatic interactions within rings 5 and 6.
Finally, we would like to add that also in other proteins salt bridges which crosslink secondary structure elements, or are present at the interface of sub-units might provide a source of kinetic stabilisation, possibly by reducing the activation entropy for unfolding, thus increasing the activation energy for unfolding. 60, 61 It should be noted, however, that the stabilising effect of the salt bridge charge-charge interactions is a consequence of the dynamic properties of the groups involved. These properties are, on the other hand, determined by the dynamic properties of the environment, which may or may not tolerate conformational freedom of the charged side chains, in this way regulating the salt bridge lifetime. In general, this feature cannot be recognised from a single, say crystal, protein structure. In this context, the combination of MD-based analysis and pK calculations might serve as a useful guide for experimentalists in mutation-based approaches. are designated by A, B, and C. calculated on the basis of the X-ray structure (pK X-ray ), averaged over the structures collected by MD simulation (pK MD ) and of unfolded state of the protein (pK U ).
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Ring 1 p Asp21A -Lys19C 0.02 Asp21B -Lys19A 0.01 Asp21C -Lys19B 0
